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Significance of surface charge and shell material
of superparamagnetic iron oxide nanoparticle
(SPION) based core/shell nanoparticles on the
composition of the protein coronat

Usawadee Sakulkhu,® Morteza Mahmoudi,*< Lionel Maurizi,® Geraldine Coullerez,?
Margarethe Hofmann-Amtenbrink,% Marcel Vries,® Mahdi Motazacker,’
Farhad Rezaee® and Heinrich Hofmann*?

As nanoparticles (NPs) are increasingly used in many applications their safety and efficient applications in
nanomedicine have become concerns. Protein coronas on nanomaterials’ surfaces can influence how the
cell “recognizes” nanoparticles, as well as the in vitro and in vivo NPs’ behaviors. The SuperParamagnetic
Iron Oxide Nanoparticle (SPION) is one of the most prominent agents because of its superparamagnetic
properties, which is useful for separation applications. To mimic surface properties of different types of
NPs, a core-shell SPION library was prepared by coating with different surfaces: polyvinyl alcohol
polymer (PVA) (positive, neutral and negative), SiO, (positive and negative), titanium dioxide and metal
gold. The SPIONs with different surfaces were incubated at a fixed serum : nanoparticle surface ratio,
magnetically trapped and washed. The tightly bound proteins were quantified and identified. The surface
charge has a great impact on protein adsorption, especially on PVA and silica where proteins preferred
binding to the neutral and positively charged surfaces. The importance of surface material on protein
adsorption was also revealed by preferential binding on TiO, and gold coated SPION, even negatively
charged. There is no correlation between the protein net charge and the nanoparticle surface charge on
protein binding, nor direct correlation between the serum proteins’ concentration and the proteins

www.rsc.org/biomaterialsscience detected in the coronas.

Introduction

The SuperParamagnetic Iron Oxide Nanoparticle (SPION) has
promising biomedical applications. The biomedical appli-
cations of coated SPION can be divided into 3 major groups:
separation (e.g. cellular proteomics, cell sorting," purification),
therapy (e.g. hyperthermia,” drug delivery®) and diagnosis (e.g.
Magnetic Resonance Imaging (MRI),*® cell tracking®®).
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Coating of SPION with a variety of polymers has been approved
for some clinical applications. The nanoparticles coated with
dextran i.e. ferucarbotran have been used as contrast agents in
MRL' Coating with polyelectrolyte PEI-PEG-chitosan co-
polymer was used for gene delivery."* Moreover, coating of NPs
with other hydrophilic polymers such as polyethylene glycol
(PEG), polyvinyl alcohol (PVA) or poly (acrylic acid) has been
used for imaging and drug delivery.'* In addition to polymeric
coating, inorganic coatings of SPION with silica or gold have
interested researchers and industry for many years towards
further surface derivatization of NPs and because of their
influences on colloidal stability and the biological behaviour
of SPION in biomedical applications.">* SPION is also of
interest in the discovery of biomarker proteins for example in
blood plasma, serum or urine, which are easily accessible in
the acquisition of proteins secreted or released from cells and
various interconnecting tissues. These proteins may indicate a
disease status if detected and by this serve as biomarkers. On
the other hand, as the majority of the nanoparticle formu-
lation, SPION must also be safe for any biomedical appli-
cations. The safety of the nanoparticles used in biomedical
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applications mainly relates to NP stability, biodistribution and
toxicity.'> Without coating, naked SPIONs are not stable and
become aggregated at physiological pH. In order to overcome
this shortcoming, various materials are employed as coatings
on the surface of SPION. Coating of SPION does not only
improve the colloidal stability but also increases the opportu-
nity to functionalize molecules (e.g. fluorescent dyes, poly-
mers, radiotracers, drugs or targeting biomolecules such as
antibodies) onto the SPION surface.

Once the NPs are exposed to biological environments, bio-
molecule adsorption immediately occurs. If NPs were injected
into the body, blood proteins are the biomolecules that have
the highest chance to interact with the nanoparticles."
Protein adsorption forms a protein corona on the nanoparti-
cles. Protein adsorptions can be categorized by their physio-
logical location into 2 groups: (i) extracellular and (ii) inter-/
intracellular (effects between cell-cell junctions and within
cells). Extracellular protein adsorption depends on the nano-
particle characteristics (e.g. size, shape, surface area, surface
charge, roughness and porosity, functional groups, ligands,
crystallinity and hydrophobicity-hydrophilicity) and on the
suspending media.'” The largest factors of influence on the
adsorption arise from acids and bases, salts and multivalent
ions, and natural or synthetic organic matter (e.g. proteins,
lipids, surfactants, polymers, and polyelectrolytes). All of these
factors determine nanoparticle stability and behavior in bio-
logical fluids.'® The extracellular protein adsorption will conse-
quently influence the protein adsorption at the inter-/
intracellular level.

Protein adsorption is one of the major driving forces in the
selection of a nanoparticle destination for theranostic appli-
cations, which will further affect cells, tissues and finally a
body system. Common proteins like albumin, fibrinogen, IgG,
complement C3, apolipoprotein A-I and apolipoprotein E'*~>>
bind to various semi-solid nanoparticles, for instance lipo-
somes, and solid nanoparticles of polymeric or inorganic
nature, such as iron oxide, silica, titanium oxide, etc.; some of
them also covered by polymer coatings or carbon based nano-
particles such as nanotubes. All of the proteins mentioned are
highly abundant in blood plasma, in which at least 99% of the
protein mass is covered by 22 of the most abundant
proteins.**™® It is now a challenge of biomarker development
to find the specific but very rare protein disease markers
(tissue-derived proteins) within the 1% of the remaining pro-
teins of the blood plasma, already diluted on their way to the
blood stream.

The constitution of the protein corona depends on two
main parameters: (i) composition of the biological milieu and
(ii) the surface property of SPION. Further cellular/tissue
responses arise due to the composition of the corona. The
uptake of nanoparticles is determined by particle-protein and
corona-membrane interactions, receptor-ligand binding inter-
actions, membrane wrapping, biomolecule interaction and
conformational change in the biomolecules."” 1t is reported
that the protein coating reduces the targeting capability of
surface engineered NPs by blocking the active sites of the tar-
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geting ligands.>® It was revealed that the presence of the
corona (protein layer) inhibits the formation of AP fibrils
(which is the main cause of Alzheimer’s diseases)®’ for all of
the tested nanomaterials (e.g. carbon nanotubes and silica
nanoparticles). All of these factors finally determine either the
activation of or damage to physiological responses towards, for
example, oxidant injury or mitochondrial and lysosomal
damage.?® If the cellular damage is severe, it might cause an
adverse effect on the body at the system level. This is the
reason why the synthesis and surface modification of NPs to
eliminate or minimize the negative effects on cell behavior, as
well as to reduce the clearance of NPs in vivo, has become one
of the most interesting topics for medical applications.
Recently Giri et al.®® have presented a detailed study of the
composition of the protein coronas of gold nanoparticles at
incubation times between 15 and 24 h. They showed that pro-
teins adsorbed in the first 15 min have a significantly higher
isoelectric point than the mean theoretical isoelectric point of
all proteins present in the incubation media. Regarding the
influence of the protein secondary structure on adsorption,
Fleischer et al.*° showed that BSA adsorbed onto negatively
charged (carbocylate modified) and positively charged (amine)
polystyrene particles. Circular dichroism spectra show no
changes for BSA on negatively charged particles whereas a sig-
nificant change was observed for BSA adsorbed on positively
charged NPs. As a consequence, the amount of adsorbed pro-
teins and interaction with receptors at the cell surface is
different for negatively and positively charged particles.

Research on the interactions between plasma proteins and
nanoparticles has been increasingly reported. Many ex situ
methods have been applied to investigate the protein coronas
on NPs, all showing advantages and limitations, such as
centrifugation, gel filtration, or membrane-based microfiltra-
tion.*"*? Centrifugation assays have been reported as an
efficient way to retrieve enough protein for safe identification
of protein adsorption patterns, if conducted with care and
accompanied with other methods to avoid false positive
results due to insufficient washing of high abundance pro-
teins. Moreover, sedimentation of large proteins, protein
aggregates, and co-precipitation may further complicate the
picture. SPION-containing nanoparticles offer the possibility
to be rapidly isolated from biofluids by magnetic separation,
therefore preventing contamination or degradation during the
purification process and with significant improvement in the
recovery yield of proteins and particles.>”> A magnetic separ-
ation technique with a high gradient magnetic separation
column offers in particular the greatest advantage in the sim-
plicity of operation, in the possibility of optimizing the separ-
ation efficiency upon flow rate under reduced shear forces and
in controlled elution conditions.***

Nonspecific protein adsorption on the surface of nanoparti-
cles and the formation of protein coronas are widely seen as
negative side effects, screening the targeting ability of func-
tional nanoparticles towards specific receptors on cells in bio-
logical fluids in vitro or in vivo.>> On the other hand the
formation of a biomolecular corona is also relevant in the cre-
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Fig. 1 Outlining of the various coatings employed on the surface of
SPION.

ation of bionanoconjugates that can stabilize the nanoparti-
cle,®® promote interactions with biological systems®”® or as a
way to capture therapeutic biomarkers through an engineered
nanoparticle-protein interface.>® The advantages and dis-
advantages of the protein—nanoparticle interaction, with the
corresponding in vitro or in vivo biological impacts, are
strongly dependent on the type and amount of corona protein
content. In the current study, SPION coated with PVA polymer,
varying the surface charge from highly positive (amine modi-
fied), to positive (mixture of amine modified PVA copolymer
and unmodified plain PVA), neutral (unmodified plain PVA),
and negative (carboxylic acid modified PVA), as well as SPION
coated with inorganic coatings such as silica shell using tetra-
ethyl orthosilicate (TEOS), further modified with 3-amino-
propyltriethoxysilane (APTES) and with gold layer, as well as
with TiO,, were synthesized (Fig. 1). The different surface pro-
perties of the NPs were expected to influence the formation of
the protein corona in fetal bovine serum (FBS) commonly used
in in vitro cell culture. As it is essential to identify the protein
corona that may ultimately play a biological role, a high resolu-
tion LC-MS/MS analysis was applied to allow a precise quantifi-
cation of all adsorbed proteins. The aim of this study was to
determine whether the different surface coatings influence the
preferential binding of certain serum proteins (low and high

View Article Online
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abundance proteins) and to determine the relative abundance
of the adsorbed proteins.

Results and discussion
Coated SPION characterization (sizes and zeta potentials)

The 9 different core/shell iron oxide nanoparticles were pro-
duced to investigate FBS protein adsorption. The character-
istics of the produced nanoparticles are shown in Fig. 2 and
Table 1. The particle diameter size of naked SPION, inorganic
and metallic core-shell NPs were measured by Transmission
Electron Microscopy (TEM), while the hydrodynamic diameter
of PVA coated NPs and the zeta potential of all NPs were
measured in deionized water by Photon Correlation Spec-
troscopy (PCS). The nanoparticles used in this study were all
less than 150 nm in diameter. The variation in the size of
highly positively charged PVA(NH,)-SPION, positively charged
PVA(NH2)/(OH)-SPION, neutral PVA(OH)-SPION and negatively

Fig. 2 Transmission electron microscopy (TEM) images of naked SPION
(a), SiO,-SPION (b), TiO,-SPION (c) and gold-SPION (d).

Table 1 Summary of size and zeta potential of polymeric, inorganic and metallic coated SPION measured in DI water

Hydrodynamic mean

Point of zero

Sample diameter (by number) (nm) TEM (nm) Zeta potential (mV) charge (pzc)
Naked SPION 28+3 7.7 £2.2 27.5+3.0 7.0
PVA(np,)~SPION (++++) 71.8 £ 0.143 — 34.6£2.1 9.0

PVAu, )/(ony-SPION (+++) 46.8 = 0.088 — 13.6 £1.3 8
PVAon)~SPION (0) 112.7 £ 0.155 — 5.6+0.9 7
PVA(coom)-SPION (-) 78.5 £ 0.006 — -15.5+1.0 5
SiO5rEos)-SPION — 102.1 +25.2 -36.6+1.4 3
SiOz(ApTESySPION — 100.7 = 28.2 36.8+1.9 9
TiO,-SPION — 102.1 £25.2 —-24.9+0.5 4
Gold-SPION — 143.9 £ 18.4 —48.2 1.7 6

This journal is © The Royal Society of Chemistry 2015
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charged PVA(COOH)-SPION (71, 47, 113, and 79 nm respect-
ively), suggested that the coverage of the polymer on the
surface of the NPs and the differing hydration degree of the
PVA layer should be considered in protein adsorption. The
polydispersity index was between 0.2 and 0.25. The mean dia-
meter of SiO,, TiO, and Au coated SPION, measured by TEM,
varied from 50 to 144 nm (with the iron oxide core ~8 nm).
Coating of an initial naked SPION (zeta potential: ~27 mV)
with different materials led to NPs with different surface
charges. SPION coated with PVA containing amino and carb-
oxylic acid groups showed positive and negative charges of ~13
and ~—15 mV, respectively. SPION coated with a plain PVA (-
OH) showed a slightly positive charge of 6 mV and was used as
representative of a neutral particle. The increasing size and the
different surface charges of these 3 particles suggested suc-
cessful coating of polymer onto a SPION surface when com-
pared to a naked SPION core. The inorganic SiO, shell
nanoparticles showed negative and positive charges after
coating with TEOS and APTES, respectively. The particles were
spherical in shape with multiple core SPIONs (bead form).
TiO, and gold coated SPION showed strongly negatively
charged surfaces with zeta potentials of —24.9 and —48 mV,
respectively, confirming successful coating of these two
materials onto SPION as reported in previous works.*>*" In
addition, the presence of the inorganic shell was confirmed by
TEM images (Fig. 2). The SPION core is represented by dark
8 nm nanoparticles (a) inside a lighter shell of silica SiO, (b)
and TiO, (c), while the gold shell was confirmed by a larger
nanoparticle size with a highly electron-dense shell (d).

Nanoparticle-protein adsorption

Serum is a complex fluid that contains for human about 3700
different proteins with concentrations up to 70 mg ml™'; in
which the most abundant proteins such as albumin, immuno-
globulin G (IgG) and a,-macroglobulin represent 97% of the
total protein content whereas the remaining 3% is a mixture
composed of low abundance proteins. Identification of all the
proteins is therefore a challenging task where proteomic tech-
niques, e.g. electrophoretic methods, chromatography or mass
spectrometry, can provide qualitative and quantitative analysis
of protein patterns and enable the detection of potentially rele-
vant biomarkers at very low concentrations in protein coronas
when combined with nanomaterials (<1 ng cm™~2).*>** Based
on the available proteomic information of fetal bovine serum
(FBS) reported by Zheng et al.*” the table of abundant proteins
was adapted (Table 2). Fetal bovine serum proteins were there-
fore categorized, as a percentage relative concentration of pro-
teins, into 3 groups: high (>6%), medium (>3%) and low
(<£3%). Tables 3-5 show the list of proteins adsorbed on the
polymer, inorganic and metallic coated SPION with increased
specificity for nanoparticle surface, i.e. proteins common to
several surface types (>2), common to 2 surface types and
common to only 1 surface type, respectively. A color code was
used to show the adsorbed protein given their relative abun-
dance in FBS, e.g. red (high), green (medium) and yellow (low
abundance).
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Table 2 Level of protein abundance in fetal bovine serum

% Relative

Level of concentration
abundance Protein of protein
High (>6%) Serum albumin 18.7
Alpha-1-antiproteinase 7.9
Plasminogen 6.4
Cone cGMP-specific 3',5-cyclic 6.1
phosphodiesterase alpha-subunit
Lactoperoxidase 6.1
Medium NADH-ubiquinone 5.2
(3% <X <6%) oxidoreductase 75
Alpha-2-HS-glycoprotein 5.2
Kininogen, LMW II 4.7
Hemiferrin 4.7
Integrin beta-1 4.7
Prothrombin 44
Apolipoprotein A-I 3.8
Antithrombin-III 3.8
Beta-2-glycoprotein I 3.5
Alpha-2-antiplasmin 3.2
Low (<3%) Alpha-1-1-microglobulin and 2.9
inter alpha-trypsin inhibitor
light chain
Hemoglobin beta fetal chain 2.9
Alpha 1 antichymotrypsin 2.3
Apolipoprotein A-II 1.7
Hemoglobin R chain 1.7

Effect of nanoparticle surface charge on the protein corona

As depicted in Table 3, based on the theoretical protein iso-
electric point from http://web.expasy.org/compute_pi/, no clear
correlation between protein isoelectric point (IEP) and protein
adsorption on nanoparticles with different surface charge
could be observed. For instance, alpha-2-HS-glycoprotein (IEP
5.26) tends to have a negative charge at physiological pH 7.4,
so according to electrostatic binding the protein should prefer-
entially adsorb onto the positively charged nanoparticles.
However, alpha-2-HS glycoprotein bound on all types of nano-
particles irrespective of their surface charge. The electrostatic
effect alone, between protein and NPs of opposite surface
charge, is therefore not the only driving force that can explain
the protein adsorption. It is well known that proteins have an
inhomogeneous distribution of charges at their surfaces.
Therefore, even if the overall net charge of the protein is nega-
tive, positive charge domains may allow an electrostatic inter-
action with the particle surface. In addition, the formation of
the protein corona will involve simultaneously a combination
of protein-particle and protein-protein interactions. Adsorp-
tion models of coronas consisting of sequential attachment
and multiple layers of proteins are also proposed, which
consist of primary binding proteins on the NP surface followed
by secondary binders mediated by protein—protein inter-
actions,*® e.g. oppositely charged anionic to cationic proteins,
or by specific recognition of molecular cues on the primary
protein layer. Protein conformational change and denaturation
could additionally occur after adsorption onto a solid interface
driven by a favorable protein-surface interaction and an
entropy gain due to loss of ordered secondary
structure. M. Rankl et al. (2006) have proven that immuno-

This journal is © The Royal Society of Chemistry 2015
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globulin G (IgG) undergoes conformational changes during
non-specific binding once it is exposed to different surface
models.*” Particle size, i.e. surface curvature, can also have a
significant effect on the protein conformational change*®*’
and ultimately on the protein corona with variability in the
surface chemistry and surface charge. Size dependent protein
adsorption was for example shown on polystyrene (PS) nano-
particles of two different sizes (50 nm, 200 nm) with a more
pronounced trend in amine- and carboxylic acid-containing
particles compared to neutral surfaces.’® Moreover, protein
adsorption on NP surfaces also depends on the length of time
of the protein-particle incubation. The adsorption/desorption
process could happen via either reversible or irreversible
protein conformational change during incubation.>

The protein corona appears to follow a general structure
with few proteins adsorbed at high abundance and many more
at low abundance although the composition in the corona
does not necessarily correlate with the relative abundances of
the proteins in the biological milieu. The proteins compete for
the surface through a dynamic process (“Vroman Effect”)
based on protein abundances, affinities, and incubation time
with the nanoparticles. Upon exposure of the NPs to the serum
the most abundant and smaller molecular weight proteins
first cover the NPs, e.g. albumin, IgG, or fibrinogen in plasma
and are replaced by proteins with slower adsorption rates but
higher affinity, e.g. apolipoproteins although the phenomenon
is still debated for nanomaterials.* Protein adsorption is a
dynamic system. The adsorption/desorption process could
happen via either reversible or irreversible protein confor-
mational change during incubation® and the protein corona
is therefore hypothesized to consist of a long-lived hard shell
of proteins assumed to be irreversibly bound. The corona is
not immediately established but changes over time until equi-
librium is reached.’®** Temporal studies showed that equili-
brium takes place in few minutes for nanoparticles incubated
with full protein serum.>

Based on competitive binding between serum proteins,
high abundance proteins were generally expected to bind to
the NPs with higher probability than low abundance proteins
and to all nanoparticle surfaces. Surprisingly, from the 5 listed
high abundance proteins, 2 proteins were not detected on any
particle surfaces, i.e. cone cGMP-specific 3',5"-cyclic phosphodi-
esterase alpha-subunit and lactoperoxidase. The highly abun-
dant plasminogen binds to only 4 of the 9 investigated NPs. The
surface specific binding of high abundance proteins reveals that
the need of a specific surface character for protein adsorption is
not ignorable. Only serum albumin and alpha-1-antiproteinase
were found on 8 of the 9 different particles; both did not adsorb
onto negatively charged silica coated SPION.

It is obvious that proteins preferred to bind onto positively
charged NPs rather than on negatively charged NPs. Positively
charged PVA coated and positively charged SiOapres) coated
NPs showed similar patterns of adsorbed proteins indicating
an influence of surface charge on protein adsorption.
However, the presence of alpha-2-antiplasmin and plasmino-
gen on highly positively charged PVA coated SPION (-NH,), but
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not on SiO,apres)~SPION is clear evidence for the effect of the
surface materials. Previous studies showed that the main pro-
teins that associated with large particles (and hydrophobic sur-
faces) were albumin, IgG and antibodies, complement
proteins, and apolipoproteins.*>>® Notably, these proteins
belong to the group of high abundance plasma proteins (some
being complement factors), with apolipoproteins as hydro-
phobic proteins. Surprisingly, none of the high abundance
proteins, e.g. serum albumin, alpha-1-antiproteinase and plas-
minogen, bound onto negatively charged silica coated SPION
(SiO,(rpos)~SPION), while these high abundance proteins
(except plasminogen) bound to all PVA coated nanoparticles.
One of the reasons could be that albumin (IEP 4.7-4.8) is nega-
tively charged at physiological pH. Although TiO, and gold
coated SPION had negative charges, more than 50 proteins
bound onto these particles. This indicates that the surface
materials play an important role in protein adsorption. There
are some proteins bound specifically to certain nanoparticles
(Table 5). This knowledge would be useful in further experi-
mental design for a biomarker study.

Effect of different surface charge of the polymer coating on
protein adsorption

PVA has been widely used in biomedicine for biomedical
devices and pharmaceutical applications because of suitable
properties, e.g. it is hydrophilic, biocompatible, nontoxic, non
carcinogenic, non immunogenic, inert in body fluids and
confers biopassive properties to surfaces. Although those sur-
faces show reduced protein adsorption, a large number of pro-
teins can still adsorb from full serum and vary with the
polymer physicochemical properties and coating.’”*® The total
number of proteins that bind to PVA-SPION decreased upon
changing the PVA coating on SPION in the order PVA(NH,) >
PVA(OH) > PVA(NH,/OH) > PVA(COOH). Neutral to highly posi-
tively charged NPs bound a wide range of proteins and showed
similar protein binding patterns whereas negatively charged
PVA coated SPION bound a lower number of proteins (Table 3).
Only 5 protein types bound onto the negatively charged PVA
coated SPION while 24, 55, 31 and 34 proteins were found on
naked SPION, highly positive, positive and neutral PVA coated
SPION, respectively. Serum albumin, alpha-1-antiproteinase,
alpha-2-HS-glycoprotein were high abundance proteins which
bound to naked SPION and to all PVA coated SPION. In
addition, complement C3, a low abundance protein also binds
on all types of PVA surfaces. Serum albumin is a highly abun-
dant protein which plays a role in opsonization and increasing
nanoparticle half-life in blood.>® Alpha-1-antiproteinase is an
inhibitor of serine proteases. Its primary target is elastase, but
it also has a moderate affinity for plasmin and thrombin and
inhibits trypsin, chymotrypsin and plasminogen activators.®
Alpha-2-HS glycoprotein is more abundant in fetal than in
adult blood. It is involved in several functions, such as endo-
cytosis, brain development and the formation of bone tissue.®*
Hirsch et al®* also found these three abundant proteins on
positively, neutral and negatively charged PVA coated SPION.
Deviation in the total amount of proteins found on all investi-
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gated PVA-SPION surfaces described in the work by Hirsch
et al. could be due to different protein content fluids per-
formed at a lower concentration of serum (10% v/v in PBS)
versus full FBS serum in our study and sample preparation for
MS analysis.

The protein coronas on polymer coated particles did not
reflect the relative abundance of proteins in the serum.
Albumin, the most abundant protein in serum, is well-detected
on all the surfaces but the composition of the protein coronas
also revealed enrichment in apolipoprotein versus albumin in
all of the PVA coated SPION. Albumin can indeed be displaced
by other proteins in serum and results in a different protein
corona, e.g. around positive and negative charged particles.**
Apolipoprotein A-I has furthermore been detected in the
coronas of many other silica, lipid and polymeric nanoparti-
cles, e.g. PS and polyNIPAM copolymers,***">° suggesting that
lipid coating is a general feature of nanoparticles in physio-
logical conditions.®> Apolipoprotein might be affected in
different ways by the surface characters of the particles and
may undergo in particular conformational changes on surfaces
of different charges®® that can explain the clear difference of
protein composition between negatively charged PVA-SPION
and other PVA-SPION. Multiple studies have however also
reported that surface hydrophobicity played an important role
in protein adsorption onto nanoparticles e.g. mediated by
interaction with the lipid binding domain. Difference in the
relative abundance of apolipoprotein might reflect the relative
abundance of amino, alcohol, and carboxylic acid functional
groups and the relative hydrophobicity/hydrophilicity of the
different polymer layers. The central role of lipoproteins was
also shown in the fouling of protein plasma on various poly-
meric biomaterials on flat surfaces.®*

The absence of kininogen on positively charged nanoparti-
cles was already observed for amine-modified silica nanoparti-
cles in the work from Lundqvist et al.> Interestingly, kininogen
(high molecular weight) has been reported as a surface binding
protein on iron oxide through histidine-rich sequences and is a
possible marker of an incompletely masked iron oxide core as
shown with loose dextran coating of ferumoxides.*®

The negatively charged PVA-SPION is the only particle type
that adsorbs almost no proteins, or surprisingly specifically
those high abundance proteins showing an isoelectric point
(IEP) < 7 and therefore net negatively charged under physio-
logical conditions, e.g. the pH present in 100% serum. These
findings are consistent with previous reports that found that
the protein coronas of negatively charged silica NPs were pre-
ferentially composed of negatively charged proteins with
IEP < 7.°° Interestingly, the low protein adsorption onto nega-
tively charged PVA-SPION is supported by a greater colloidal
stability and formation of smaller aggregates than for other
PVA-SPION in FBS-supplemented cell culture medium.** The
reduced fouling of PVA(COOH) coated SPION suggests an
enhanced stability of the PVA polymer layer, indeed mediated
by carboxylate-iron coordination in addition to multiple elec-
trostatic and hydrogen bonding interactions with the iron
oxide surface. The exchange of the PVA dispersant by proteins
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might therefore be reduced and the SPION core less accessible
for protein binding. The decrease in total protein adsorption
for carboxylated PVA was also demonstrated for PVA mem-
branes exposed to human plasma as a result of negative
surface potentials and anionic substitution on PVA.*>’

Given that many abundant proteins bind to all different
PVA-SPION independently of the surface charges and that the
protein coronas of the negatively charged particles did not cor-
relate with protein charge either, electrostatic interaction is
likely not the only effect in modulating the protein adsorption
on PVA-SPION. Difference in protein corona composition
might also be induced by variation in the effective size of the
particle (hydrodynamic diameter), such that it was not poss-
ible to effectively decouple in our study the net surface charge
effect from size variation.>>°® To date, very few surfaces were
found to be resistant to protein adsorption onto nanoparticles
exposed to full serum, since the polymer surface density and
the conformation might additionally influence the pattern of
adsorbed proteins.®”®® The adsorption patterns will therefore
result in a combination of physicochemical properties: in this
case, the charge, size, the functional groups, molecular struc-
tures and the polymer conformation on the SPION surface.

Effect of different surface charge of inorganic and metallic
coated SPION on protein adsorption

Here we investigated the adsorption of proteins on SPION core—
solid shell nanoparticles, ie. silica, titanium dioxide and gold,
with special focus on the surface charge and effect of function-
alities, e.g. amino, on the total amount of adsorbed proteins.
Metal oxide nanoparticles were also selected as a model system
as they are widely used for life science applications and are
exposed to the general public in many commercial applications.
Numerous high to medium abundance serum proteins were
absorbed onto the oxide and metal nanoparticles.

There were 40, 19, 53 and 50 proteins bound on SiO,(sprEs)~
SPION,  SiOy(rgos)-SPION, TiO,-SPION and gold-SPION,
respectively. For SiO, coated NPs, as observed in PVA-SPION,
proteins preferentially bound onto positively charged silica
coated nanoparticles rather than the negatively charged NPs,
indicating the influence of the surface charge of SiO, on
protein adsorption. Alpha-2-HS-glycoprotein, apolipoprotein
A-1, complement 3, fibrinogen alpha chain, cytoplasmic actin
1 & 2, apolipoprotein E, hemoglobin subunit alpha and comp-
lement factor B were proteins that were found on all investi-
gated inorganic and metallic nanoparticles. The presence of
kininogen-2 on SiOypos)SPION, but not on SiOapres)-
SPION showed a surface charge specific binding of this
protein on the silica surface. Kininogen-2 is an inhibitor of
thiol proteases which plays an important role in blood coagu-
lation, inhibiting the thrombin- and plasmin-induced aggrega-
tion of thrombocytes.®® Protein adsorption on silica NPs
studied by Monopoli et al. showed some of the same proteins
as in our work, such as alpha-2-SH-glycoprotein, apolipo-
protein E, apolipoprotein Al, kininogen-1 and thrombospon-
din-1.”° In Monopoli’s work, serum albumin was observed on
the particles after washing 3 times with PBS. It could be inter-
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preted that serum albumin is not a loosely bound protein. In
our work, however, serum albumin was eluted out after
washing with high ionic strength solutions. This indicated
that serum albumin is neither a loosely bound protein nor a
tightly bound protein; it is an intermediate.

Interestingly, TiO, coated and gold coated NPs which also
have highly negative charges showed binding of 53 and 50 pro-
teins, respectively. The high numbers of proteins observed on
both positive and highly negatively charged particles indicated
a requirement of sufficient surface charge for protein adsorp-
tion. In addition, protein adsorption markedly depends on the
surface materials. Qualitatively, high and low abundance
adsorbed serum proteins were generally common to all nega-
tively and positively charged surfaces. However a lower number
of proteins were common to 2 types of surfaces (Table 4) and
few low abundant proteins were found on only one material
surface (Table 5) suggesting that the different particle surfaces,
bare metal and metal oxide, bound proteins in a more specific
manner and not simply in proportion of their abundance in
the serum. Although most studies investigated the adsorption
of single proteins on nanoparticle surfaces, it was shown that
the protein amount adsorbed at physiological pH correlated
well with the zeta-potentials and IEPs of surfaces.”! For Si, Ti
and Fe oxide NPs, the points of zero charge are in the order of
SiO, (pH ~ 2) < TiO, (pH ~ 5) < Fe,03 (pH ~ 7) also reflecting
the order of acid strength of the hydroxylated surfaces, e.g. at
physiological pH silica and titanium dioxide are negatively
charged while maghemite is positively charged (Table 1).
However, in a complex composition of FBS, adsorption ability
of each inorganic particle does not correlate to the IEP and
decreases in the order of TiO, > Fe,O; > SiO,. This was also
confirmed by work of Horie et al.”*> The difference of protein
adsorption results from FBS and one protein system might be
explained by the influence of protein-protein interaction and
other biomolecule interference such as lipids on protein-
nanoparticle complex formation.

Tedja et al., reported the influence of serum protein adsorp-
tion on TiO, increasing nanoparticle stability and cellular
uptake by A549 cells. TiO, was found to be taken up inside the
cell by an endocytosis mechanism.”® Although in our work,
the crystalline type of TiO, was not studied. The TiO, surface
area has been reported to play a more important role than crys-
tallinity.””> Gold NPs directly interact with lipid membranes,
enhancing internalization of the particles’ and revealing the
possibility of gold NPs binding onto the lipid related compart-
ment. Gold NPs are also able to induce protein conformational
changes.”> A high number of proteins bound on gold coated
NPs can also be explained by preferential binding of the -SH
group of proteins on the gold NPs.

Based on the results presented herein and in the recent
publication from Giri*® it seems that the surface charge of the
particles and of the proteins could play an important role in
the formation of the protein corona. Because the surface
charge of proteins is inhomogeneously distributed over the
surface of the protein, we have chosen the isoelectric point
(IEP) as a characteristic parameter to investigate the inter-
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action in detail. The difference between the IEP value for a
protein and the pH of the media determines the charge (posi-
tive if IEP < pH, negative if IEP > pH) but is also in a first esti-
mation proportional to the difference of charges. The same is
valid for the IEP of the nanoparticles. In the case of opposed
charges of proteins and NP we expect attraction as vice versa to
NPs and proteins with the same sign of charge. Therefore we
propose an electrostatic interaction index (ESII) which is
defined as follows:

ESII = (IEPprotein - pHmedia)(IEPNanoparticle - pHmedia)

ESII is positive in the case of both differences being nega-
tive or positive, meaning the particles have the same sign of
charge (positive or negative); ESII is negative if we have a posi-
tive and negative difference. In the first case we can expect
repulsion between protein and NP in the second case attrac-
tion (this is analogous to colloidal chemistry where attraction
has a negative and repulsion a positive potential). In the sup-
plementt, the ESII for all investigated particles is given, taking
7.4 as the pH in the media and the molecular weight of the
proteins as a further parameter. The calculation of ESII allows
in a further step to determine to what degree the adsorption of
proteins is driven by the electrostatic interaction. When the
percentage of adsorbed proteins with a negative and positive
ESII per particle type taking into account all detected proteins
was taken as 100%, it is evident that with increasing IEP the
amount of proteins adsorbed increases (Fig. S1t). At low IEP
(COOH coated particles), PVA coated and naked SPION (all
with IEP < 7.4), it is not specific what has been adsorbed,
meaning the electrostatic interaction is not significantly
important. If the IEP > 7.4 and/or the particles are functiona-
lized with amino groups, the electrostatic interaction is predo-
minant and the amount of adsorbed proteins is increased.
Interestingly, a very similar behavior could be observed with
particles with inorganic coating. Negatively charged particles
(IEP < 7.4) have a low number of adsorbed proteins and the
IEP is not relevant, whereas particles with IEP near to the pH
of the media show increased adsorption of proteins but this
adsorption is indifferent regarding the ESII. Finally, the par-
ticles with NH, groups at the surface clearly attract proteins
with a negative charge (IEP < 7.4) and negative ESII.

Experimental

Materials section is detailed in the ESL{

Methods

Polyvinyl alcohol coated SPION. SPION was produced by
alkaline co-precipitation as described in previous works.”®””

In order to obtain highly positively, positively, neutral and
negatively charged PVA coated SPION, the different polymer
solutions (i.e. 0.2% w/v M12, a mixture of Mowiol®3-85 and
M12 at a mass ratio of 45, 10% w/v Mowiol®3-85 and 6% w/v
KL-506 solutions: see ESIf) were mixed with 10 mgp. ml™*
SPION suspension at a v/v ratio of 1. The particle suspensions
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were stored for at least one week and kept at 4 °C until further
use. The particle suspension was adjusted to pH 7.4 by 1 M
NaOH at least one day before used.

TEOS silica and APTES-TEOS silica coated SPION. Silica
coated NPs were prepared according to the Stober sol-gel
process’® (see ESIT). The obtained particles (SiO5(rpos-SPION)
were washed twice and dispersed in DI water (final concen-
tration approx. 0.1 mgg. ml™?).

The silica particles were functionalized with amines to
produce positively charged silica coated SPION (see ESIT). The
obtained particles (SiO,apres)-SPION) were washed twice and
dispersed in DI water (final concentration approx.
0.1 mgg, ml~"). The nanoparticles were stored at 4 °C.

TiO, coated SPION. SiO,(rpos)~SPION were produced by
hydrolysis and condensation as mentioned before.”**° 1 ml of
SiO,(reos)~SPION was added into a 50 ml ethanol solution.
Titanium(v) tetracthoxide (TEOT) as calculated to obtain 5 nm
TiO, shell thickness was then added into a nanoparticle sus-
pension. The reaction was allowed to proceed at room temp-
erature for 3 h. The obtained nanoparticles were then
centrifuged at 30000g for 45 min. The pellet was washed
3 times with absolute ethanol before being resuspended in DI
water and kept at 4 °C.

Gold coated SPION. Because it is difficult to precipitate a
homogeneous gold layer on SPION, an indirect method was
used. Inspired by the work of Rasch et al.,*' gold nanoparticles
were deposited as seeds on the positively charged amino silica
coated SPION (SiO,(apres)~SPION) and these seeds were grown
by adding additional Au precursor.

Particle characterization by photon correlation spectroscopy
(PCS). Particle sizes weighted in number were measured by
dynamic laser scattering measurements carried out at 90°
using a ZetaPALS (Brookhaven instruments corporation, USA)
equipped with a BI-9000AT digital autocorrelator. The CONTIN
method was used for data processing. Nanoparticles were sus-
pended in distilled water at 100 pgg ml™" and sonicated for a
few seconds. The theoretical refractive index of magnetite
(2.42)” was used to calculate the number-weighted distribution
from the raw intensity-weighted data. Viscosity, refractive
index and dielectric constant of DI water were used as charac-
teristic of the solvent.

Zeta potential measurements ({-potential) by ZetaPALS.
Zeta potential measurements were performed by using phase
analysis light scattering with the same instrument equipped
with a platinum electrode. {-potentials were calculated from
electrophoretic mobility by using theoretical models (Smolu-
chowski method) in ZetaPALS software packages (Brookhaven
Instruments Corporation, USA) for data processing. Nano-
particles were diluted to 100 pgge ml™ in DI water.

Size measurement by transmission electron microscopy
(TEM). The size and morphology of naked SPION, silica-,
gold- and TiO,-coated SPIONs were performed using a trans-
mission electron microscope at 120 kV accelerating voltage
(Philips/FEI CM12). Nanoparticle suspensions were diluted in
DI water, and then sonicated for a few seconds. The diluted
nanoparticle suspensions were dropped onto carbon-coated
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copper grids and were allowed to dry at room temperature.
TEM pictures were analyzed using image analysis software
(Image]). The mean diameter of the nanoparticles and the
thickness of the shell of more than a hundred particles were
measured.

Incubation of nanoparticles with FBS. Different surface
types of nanoparticles were incubated in the same batch of
fetal bovine serum at a constant serum volume to particle
surface ratio of 2.8 ml m~? as previously reported by Dawson’s
group in similar studies of protein corona from human serum
proteins adsorbed onto nanoparticles.”® The serum proteins
are in excess to the particle surface to more likely reflect a true
biological situation in body fluids.** To reduce the interference
of the dilution effect on protein adsorption, all serum-NP
incubation fractions were adjusted to the same final volume
(77.8% serum). Particle suspensions were incubated for 1 h at
37 °C. (Remark: due to the unidentified and highly rough
surface of TiO,~SPION, the surface area of SiO,(TEOS)-SPION
was used for calculation of the serum volume to particle
surface ratio for TiO,-SPION).

Protein separation by a magnetic fixed bed reactor. After
incubation with FBS serum the NPs were loaded into a column
in a magnetic reactor. In order to elute the proteins adsorbed
on the surface of the NPs, the NPs trapped on a Ni-Fe wire
were washed sequentially with buffers at increased ionic
strengths ie. phosphate buffered saline (PBS) and sup-
plemented with a high salt gradient from 0.5-2.0 M NaCl, at
the flow rate of 0.5 ml min~'. During each washing step,
trapped nanoparticle-protein complexes were equilibrated
with each elution solution for 5 min before the elution frac-
tions were collected. Finally, the column with Ni-Fe wire was
removed from the magnetic field of the reactor and the
trapped NPs were collected in 1000 pl of the final elution
buffer. The collected fractions are as follows: flow through,
PBS1, PBS2, PBS(0.5 M NaCl), PBS(1.0 M NaCl), PBS(2.0 M
NaCl) and eluted NPs. All collection fraction volumes were
1 column volume (400 pl) except for the last NP fraction
(1000 pl). Tightly bound proteins on the NP fraction were then
identified by MS analysis.

Semi-quantitative analysis of proteins associated with nano-
particles by nLC-MS/MS. Proteins associated with NPs were
analysed following a method detailed in the ESIf and in pre-
vious works®*® in order to obtain normalized Spectral Count
(SpC) amounts of each protein, identified in the LC-MS/MS
study of smooth and jagged surfaces, and this was calculated
by applying the following equation:

(SpC/Mw)k

n

2 (SpC/My)i

=1

NpSpCy = x 100

where NpSpC; is the normalized percentage of spectral count
for protein k, SpC is the spectral count identified, and M,, is
the molecular weight (in kDa) of the protein k. The MS analy-
sis including the NpSpC;, of tightly bound protein eluted from
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each type of nanoparticle was represented in the supplemen-
tary information (Tables S1 to S97).

Conclusions

This study provides important information about SPIONs with
different nanomaterial coating and their link with the protein
composition of coronas derived from a biological fluid (i.e.
serum). Also, our results shed more light on the application of
SPION with a specific surface meant for the binding of a
specific cluster of proteins (in vitro and in vivo) in nanomedi-
cine and nanobiology. The results presented in this work indi-
cated that the composition of the protein corona is very
difficult to predict. Highly abundant serum proteins are not
always the most abundant proteins in the nanoparticle-
protein corona. Some highly abundant serum proteins are
even missing in the tightly bound protein corona. Also the
charge of the particles is not the only decisive factor. It is
likely to be a combination of surface chemistry and charge,
which determines protein adsorption. One of the reasons for
the absence of correlation between the net charge of adsorbed
proteins and the surface charge of the nanoparticles is the
complexity of protein nature such as protein conformation,
charge distribution and the hydrophobicity/hydrophilicity
grade of the protein. We showed clearly that nanoparticle-
protein binding strongly depends on the exact surface chem-
istry of the nanoparticles more than the abundancy level of
protein in the biological system. The surface charges,
especially on polymeric coated SPION, play a dominant role in
protein adsorption. The importance of the material can clearly
be seen by comparing polymeric to inorganic and metallic
coatings. To quantify this observed relationship between the
charge of the proteins and that of the nanoparticles at a given
pH of the media, an electrostatic interaction index was intro-
duced and applied with success to the investigated particles.
The results presented in this work indicated that the corona
composition could be generated for specific biomedical engin-
eering, using NPs with specific surface properties. Moreover
understanding of nanoparticle-protein adsorption could
finally lead to the prediction of nanoparticle behavior in vitro.
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